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Water management in Polymer Electrolyte Fuel Cell (PEFC) is a key factor in fuel cell per-
formance, and it is an important contributor to the proton exchange membrane durability.
Water droplet accumulation in the channel causes non-uniform distribution of gas pres-
sure and spatial inhomogeneity of the local current density in potentiostatic mode. These
spatial and temporal fluctuations in the operating conditions imply unequal use of the
membrane surface and the catalyst layer, producing uneven degradation and aging of the
Membrane Electrode Assembly (MEA). In order to study the dynamic and spatial perfor-
mance of the fuel cell, a three-level model has been developed. The model is composed of a
two-phase, where steam and liquid water drops movement are considered in the channel
model; liquid water and gas diffusion are considered in Gas Diffusion Layers (GDLs) model;
and finally, the electrochemical reactions are represented in the electrochemical model.
The complete model provides a wider understanding of the effect of water on PEFCs and
allows to analyze the local current density and the water distribution in response to
experimental set-up parameters such as anode and cathode gas flows, total current or
channel geometries. The model has been validated using neutron images and segmented
cells technique to evaluate the spatial distribution of liquid water and current density in
the cell. The developed model and the simulation procedure proposed in this paper allow
obtaining long-term dynamic simulations with low computational effort.
© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.om, sculubret1@alumno.uned.es (S. Culubret).
ons LLC. Published by Elsevier Ltd. All rights reserved.
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Water management is a crucial factor in membrane degra-
dation and the durability of other components of the Polymer
Electrolyte Fuel Cell (PEFC) [1,2]. Voltage fluctuations caused
by the presence of liquid water affect the dynamic behavior
[3,4] in a spatially non-homogeneous manner. Water droplet
accumulation in the channel causes spatial inhomogeneity of
the local current density and generates a non-uniform distri-
bution of gas pressure. Channel clogging by water droplets
results in oscillations in the current density.
Optimizing configurations with serpentine, straight paral-
lel, multi serpentine or other channel configurations are
widely studied [5,6]. Moreover other investigations to prevent
water accumulation are carried out to reduce the effect of
water droplets clogging the channel [7].
These spatial and temporal fluctuations in the operating
conditions imply unequal use of the membrane surface and
the catalyst layer, producing un-even degradation and aging
of the Membrane Electrode Assembly (MEA).
The cathode inlet humidity plays an important role in the
overall performance as it drives the humidification and drying
of the membrane [8,9].
In order to evacuate the liquid water properly in the Gas
Diffusion Layers (GDLs), the surface is treated to increase the
hydrophobicity. The effect of treatments with Polytetra-
fluoroethylene (PTFE) or Perfluoropolyether (PFPE) in GDL was
analyzed in [10,11].
The spatial distribution of the current density using
segmented cells technique was used to evaluate the effect of
the spatial distribution of water in the cell [8,9].
In addition, the effect of relative humidity of inlet gases
was modeled in these studies. Several models have also been
investigated to simulate the different contributors into the cell
performance [12e14].
Most of those models are based on implementing a
Computational Fluid Dynamics (CFD) solver for the liquid and
gas flow problem, which produce models with good accuracy
but high cost in computational terms. Extensive in-
vestigations about droplet movement modeling were devel-
oped [15,16], among others. Themodel developed in this paper
allows to reduce the computational time for an approximation
on the droplets movement.
Muchmore complexmodels of fuel cells have been already
developed. The 3D model developed in [17] obtained stable
results after approximately 4 h of computation with hardware
similar to the one used in this paper. The 3D simulation of the
stack model developed in [13] converged after around 24 h
with more computing capabilities than the ones employees in
this paper.
The model presented in this paper takes into account the
effect of the inlet gases humidity and GDLwater content in the
performance of the cell, using a 1D model developed in [18].
The water produced in the catalyst region is expelled from the
GDL on steam and liquid phases. Water removal is considered
in previous models, but the effect of the liquid water on the
channel was not analyzed. In this paper, water dropletmodels
[15,16,19] have been used to represent the liquid water
movement along the channels.Please cite this article as: Culubret S et al., Dynamic modeling of th
performance, International Journal of Hydrogen Energy, https://doi.oWater flow resistance across the GDL was studied in
[20,21] and incorporated on the model developed in this
paper; since the water removal in the interface between GDL
and the ribs of the collector plates is not allowed, water flow
to a channel region of the GDL to be evacuated. Considering
the geometrical factors of the GDL, the flow of species on the
GDL plane is analyzed in this paper using a 2D diffusion
model.
The channel geometrymay contribute to the pressure drop
and water movement resistance. In this paper, the pressure
drop along the channel has been studied considering liquid
water in the channel as a disturbance on the channel. The
geometry of the channel and thewater droplets, considered as
obstacles, define the pressures losses produced by the gas flow
[22], and without liquid water [4].
In this paper, a simple, but an accurate model to evaluate
the performance of a fuel cell, composed a pseudo-3D channel
model and a 2D GDL model is presented.
The channel model is a two-phase model, combining
the humid gas flow and liquid water droplets moving
along the channel. The GDLs, cathode and anode models,
consider liquid water and gases flow in the 2D plane, and
are connected to the channel model by a gas and liquid
interface.
Cathode and anode are linked using a membrane model
that considers the effect of the electro-osmotic drag and back
diffusion, relating both in terms of the balance of species. The
electric current and water generation, and mass balance due
to electrochemical reactions are evaluated using the electro-
chemical model.
The presented simulator presented facilitates studying the
effect of the gases and the liquid water on the fuel cell per-
formance. The model takes into account the liquid and gas
flow in the GDL, the liquid water/steam balance due to evap-
oration/condensation phenomena, and the capillarity of the
porous media. Modeling of the channel pressure drop, droplet
movements and water evaporation to the channel will allow a
better understanding of the effects of liquid water and hu-
midification on the fuel cell performance. The focus is put on
computational speed to enable fast modeling-testing cycling
loops.Model development
The model presented in this paper studies the water in the
anode and cathode side of the PEFC.
The overall model is divided into four different parts: a) the
GDLmodel, that represents the liquid water and gas transport
phenomena; b) the membrane model, that describes the
cathode and anodewater balance; c) the channelmodelwhere
liquidwater and gases transport are taken into account; and d)
the electrochemical model.
Each of these models has entity by its own and can be
validated and tested independently. As it will be explained
in section Numerical procedure, models are connected
sequentially to compose the complete model. Due to this
type of strategy, the iteration interval time becomes crit-
ical to ensure the proper stability and solution of the
problem.e effect of water management on polymer electrolyte fuel cells
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The model developed in this paper aims to represent the
dynamic and spatial behavior of a fuel cell with short
simulation time. The time dynamics differences of the spe-
cies involved in the fuel cell (e.g. the water droplets move-
ment in the channel is significantly slower than the
electrochemical reaction of the fuel cell) allow to decouple
the complete model in a compilation of smaller models. The
complete model of the fuel cell is divided into the following
four models. Firstly, the water droplets movement and the
gas flow in the fuel cell channels are represented by a 1D(L)
model. Considering that the length is significantly longer
than the cross-section of the channel, the model is consid-
ered one dimensional. The channel model is evaluated in all
points of the plane (XY) using the spatial discretization
(explained in section Numerical procedure), which resolves a
2D water droplets movement. Secondly, the GDL are repre-
sented by a 2D(XY)þ1D(Z) model. The gases and water
diffusion are studied in the plane (XY) and the expelled and
uptake water in steam and liquid phase is analyzed in the
perpendicular axis of the plane (Z). Thirdly, the proton con-
ductivity, the water diffusion in the membrane and the bal-
ance of the water in anode and cathode are represented as a
1D(Z) model. And finally, the electrochemical reactions are
represented by a 0Dmodel. Similarly to the othermodels, the
electrochemical model is evaluated in the discretized layer
plane (XY). The simulation time of the above described
coupled model is significantly faster than the 3D complete
model.
Gas diffusion layer model
In a PEFC, the cathode and anode channel plates are separated
by MEA. The GDL is a porous compound that stiffens the
proton exchange membrane and allows the gas to diffuse
across it to reach the catalytic layers, and the water to be
expelled in steam or liquid form. The GDL model is composed
of two diffusion models: the liquid water diffusion and the
gases diffusion.
The diffusion coefficient of water and gases differ several
orders of magnitude in the GDL [18]. This difference allows to
decouple the diffusion models, in order to improve the
computational performance of simulation.
The generated water is produced on the cathode catalyst
layer and flows through the GDL to the interface with the
collector plate. The expelled water is related to capillary
pressure of the porous media, defined by Young-Place Eq. (3)
[23,24], which defines the drainage produced when the liquid
pressure, Pliq, minus the pressure of the gas, Pg, is higher than
the capillary pressure, Pcap, function of the porous media and
the liquid properties, Eq. (1).
The water uptake from the GDL depends on the water
content, s, the gas pressure, Pgas, and the capillary pressure of
porousmedia, Pcap. The liquid water is drained if the condition
of Eq. (3) is satisfied. The capillary pressure value is negative as
the GDL has a hydrophobic treatment [23,24]. The water
evacuation by capillary pressure produces liquid water on the
surface of the GDL in the form of droplets.Please cite this article as: Culubret S et al., Dynamic modeling of th






Pliq  Pg >Pcap (3)
The other liquid water variation phenomena are evapora-
tion Eq. (4) and condensation Eq. (5) from the GDL, depending
on the relative humidity on the channel [8,25]. The difference
between variation water from/to humidity with respect the
capillary phenomena is the form in which appears into the
channel, steam or water droplet. When the steam phase is
generated, it can be condensed in droplet form, if the ambient













The liquid water removed from the cathode’s GDL con-
nects, from a liquid water perspective, the channel and the
GDLmodels. Liquid water uptake for hydrophobic treated GDL
is not a symmetric process: the conditions required to pene-
trate the GDL are more restrictive than the ones needed to be
expelled thanks to the surface treatments of the GDL. Liquid
water is expelled from the GDL in liquid phase (in droplet
shape) and steam phase.
In this work, the liquid reabsorption is considered as a
constant rate phenomenon only if the water concentration in
the GDL is lower than a certain level. Water droplet reab-
sorption is an important part of this model, as allows the re-
humidification of the cell in the presence of liquid droplets
and steam water into the anode or cathode.
Sabs ¼ dwminqabs (6)
Water diffusion on GDL is driven by the difference on
capillary pressure among the GDL. The porosity of the GDL is
considered constant and homogeneous. The water flow is
modeled by Eq. (7), which describes a liquid flow on a porous
media.
In this study, the spatial gradient of pressure, the current
density and the water content are analyzed. 2D gas and liquid
diffusion on the GDL is taken into account. The water flow on
GDLwas studied in [20], capillarity diffusionmay be expressed








The capillary pressure, Pcap, on the GDL is defined by Lev-
erett’s equation, Eq. (9) with respect to the amount of liquid
water on the GDL, s, that describes the capillary pressure on
porous media for a given saturation (for contact angles over
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The multicomponent (O2, N2 and H2O) gas diffusion in GDL
is described by Stefan-Maxwell’s equation. Amulticomponent
Fickian model approach of Stefan-Maxwell diffusion [27] is
commonly used to reduce the numerical calculations for the
multicomponent problem. This approach allows to calculate
the pressure differences along the GDL using the Fick’s second







For the sake of simplification and speed solution, a single
gas approximation has been done. It is considered that instead
of multiple gases diffusing inside the GDL, a single gas with a
fixed composition (air) is being transported.
The diffusion coefficient depends on the GDL porosity, ε,
and tortuosity, t, and the water concentration at each point of
the GDL, s, which is affecting the porosity, reducing the
effective porous section by reducing the pore volume. Hence
the gas diffusivity at each point varies depending on the









Deff ¼ Dεt (12)
Membrane model
The electrolyte membrane separates both the oxygen and the
hydrogen allowing only (in its design intentions) protons cross
the membrane until reaching the cathode catalyst layer,
which produces a reaction between protons and oxygen pro-
ducingwater that has to be expelled by the cathode GDL to the
channel. Moreover, some water is diffused across the mem-
brane from the anode side to the cathode side, requiring
constant humidification of the anode. The water content on
the cathode and anode GDL is linked through the MEA by two
phenomena the electro-osmotic drag Eq. (13), which produces
a flow that depends on the current generated, and the back-
diffusion Eq. (15), which produces a flow that depends on
the difference of water concentration. Those phenomena
create a dependency with respect to the amount of water on
the cathode and the anode.
Jeo ¼ 2nd j2F (13)
nd ¼ 0:0029l2m þ 0:05lm  3:4$1019 (14)
Jbd ¼  Dbddlmdz (15)
Channel model
The channel is represented by a pseudo-3D model that takes
into account the effect of pressure losses due to a) the effect of
gas flow and liquid water, b) the effect of geometry of the
channels and c) the effect of the water droplets in the flow
resistance of gases.Please cite this article as: Culubret S et al., Dynamic modeling of th
performance, International Journal of Hydrogen Energy, https://doi.oThe pressure losses due to the flow of gases and liquid
water in a channel is represented by Darcy-Weisbach’s
equation Eq. (16).
Darcy-Weisbach’s equation Eq. (16) describes the pressure
losses on a channel for a defined length, L, in a tube defined by
its hydraulic diameter, Dh, with a gas flow of density, r, at a
certain gas speed, u. In order to consider the humidity, the
density of the air is calculated as a mix of the dry air density







The Darcy friction coefficient, f, is calculated in laminar
regime using Eq. (17), and in turbulent flow using the

















The equivalent length method is used to calculate the ef-
fect of turns in channels. Thismethod allows to use the Darcy-
Weisbach’s equation to represent other geometries.
The droplets affecting the channel are taken into ac-
count by considering them as static obstacles for gas flow
model in the channel, reducing the flow section of gas,
which increases the pressure losses. This approach was
also used in [30] and it simplifies the calculation of the
pressure drop due to the presence of water droplets in the
channel. By using this strategy simplifies the calculation of
the pressure losses, taking into account the droplets pres-
ence contribution.
The channel contains the water droplets evacuated from
the GDL. Droplet dynamics in PEFC was extensively studied in
[1,15,16,31]. These models analyze the deformation of the
droplet due to a gas flow _mgas, which is defined by width, wc,
and height, Hc, of channel section and the droplet volume, Vd.
The droplet movement is described by two acting forces a) the
dragging driving force of the gas, Fdrag; and b) the adhesion




¼Fadh  Fdrag (19)
The deformation of the droplet is defined by three angles:
a) the receding angle, qr; b) the advancing angle, qa; and c) the
static contact angle of the droplet, qs.
The shape of the droplet is fully defined by the receding,
advancing, contact angles and its volume as shown in Fig. 1
[31]. The droplet radius, Rd, chord length, cd, the area Ad, Eq.





2 3 cosqs þ cos3qs
sin3qs
(20)
cd ¼ Rsinqs ð1þ sinqA sinqR  cosqA cosqRÞ (21)
A1 ¼ qA þ qR  sinð2qAÞ þ sinðqA  qRÞ (22)e effect of water management on polymer electrolyte fuel cells
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Fig. 1 e Droplet deformation due to air flow inside a channel.









hd ¼ Rð1 cosqAÞ (24)
Combining Eqs. (23) and (24), a relationship between the
advancing and receding angles is calculated in [15], using the
grouping parameters, K1, K2 and K3, Eqs.(25)-(28).
K22K3 ¼ 2K1 sinqR (25)











The dragging force is calculated using the Eq. (29), that
takes into account the aerodynamic coefficient of the droplet,
Cd, the gas density, rgas, and the cross sectional area of the
droplet, Ad; meanwhile the adhesion force, Eq. (30), is calcu-
lated with the surface tension of the droplet, g, integration
over the length of the droplet contact line.
Fdrag ¼ 12rgasugasCdAd (29)




The dragging force and adhesion equations are simplified
as shown [31], where Hc is the channel height and hd the
droplet height. In previous equations Eqs. (29) and (30), q
represents the contact angle and j the droplet angle on the
plane of the contact surface.
Fdrag ¼ 5:81 4:82ReHchd þ 1:67Re2Hchd
0:29Re3Hchd þ 0:03Re4Hchd  8:66,104 Re5Hchd1:43ðqA  qRÞReHchd
(31)
Fadh ¼ kgwdðcosqR  cosqAÞ (32)
The constant k depends on the droplet shape. The value of
k varies between p2 and
p
4 depending if the values are obtained
analytically or through finite element [31]. The droplet width
is represented by wd, where Rd and g represent the radius and
the tension surface of a spherical liquid droplet respectively.
The droplet dynamics is fully described using the Eqs. (19), (31)
and (32).Please cite this article as: Culubret S et al., Dynamic modeling of th
performance, International Journal of Hydrogen Energy, https://doi.oElectrochemical model
The PEFC electrochemical model relates the current density
and the voltage of the cell. The open circuit voltage is
described using Nerst’s Eq. (33) [32]. The cell over-voltages
taken into account are: a) the activation losses, due to the
formation of new chemical bonds represented by Tafel
equation, Eq. (34); b) the ohmic resistance related with the
intrinsic electrical resistance of the membrane Eq. (39) [33];
and c) the concentration losses due to the high demand of
reactants and the lack of capacity to supply them Eq. (42) [32].
The partial over-voltages calculated in Eqs. (35), (39) and (40)
allow to estimate the cell voltage, Eq. (41).


























Being lm, Eq. (37), a function of the water activity, aK, in the
anode or cathode, Eq. (38) which depends on the total gases
pressure, P, the molar fraction of steam water, Xw;K, and the
saturation pressure of water at the current conditions, Psat.
lm ¼
8<
:0:043þ 17:81aK  38:85a
2
K þ 36:0a3K;0<aK <1
14þ 1:4ðaK  1Þ;1<aK <2 (37)





Vfc ¼E Vact  Vohm  Vcon (41)
The consumption of reactants and the water generation





jcath (42)e effect of water management on polymer electrolyte fuel cells
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For the spatial and temporal discretization, a Finite Dif-
ference Method (FDM) approach has been used to simulate
the GDL model. FDM solutions for diffusion phenomena
are widely used, thanks to its simplicity on implementa-
tion and mesh creation (equally spaced nodes where so-
lution is evaluated). The 2D GDL model is discretized in
order to be simulated using a spatial mesh. The mesh is
equally spaced on x and y directions, and the mesh
element size, is dxm (in current simulations dxm ¼
0:05mm). This schema allows to simplify the simulation
using a second order spatial approximation and a first
order temporal Oðx2; tÞ. The Crank-Nicholson is an implicit
scheme, solved in two steps and it is a second order
spatial and temporal scheme Oðx2; t2Þ that enables bigger
time steps for same diffusivity value.
In order to numerically solve the PEFC model, the GDL is
divided in different zones or regions; those regions are a set
of GDL elements as shown on (Fig. 2). The use of regions
instead of individual elements is performed in order to in-
crease the solution speed of the iterative calculations. If each
element of the most restrictive solver were taken into ac-
count (in this case the GDL model), the simulation effort
would be very high. By assuming that the main interest
values vary smoothly enough be can group different ele-
ments on a single region and solve for regions count instead
of the most restrictive solver discretization. For each region
it is considered an average water, s, electric conductivity, sm,
temperature, T, gas pressures, PO2 and PH2 , and coverage
content, covi.
The model is able to simulate two operating modes a)
galvanostatic mode (constant current) or b) potentiostaticFig. 2 e GDL are divided in regions and elements.
Please cite this article as: Culubret S et al., Dynamic modeling of th
performance, International Journal of Hydrogen Energy, https://doi.omode (constant voltage). In potentiostatic mode, the region
strategy may not be necessary as the current is directly a
consequence of the state of each element. In galvanostatic
mode, as the cell has to constantly generate the same amount
of current, the solution is calculated by iterating until the
voltage required to generate such a current is obtained, in this
case a reduction on the amount of elements to solve becomes
critical.
The simulation procedure is a four-step solver: 1) Chan-
nel solver calculates the pressure distribution in the chan-
nel, the movement and cluttering of the water droplets; 2)Fig. 3 e Scheme of simulation procedure.
e effect of water management on polymer electrolyte fuel cells
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Fig. 4 e Sensibility test of simulation time interval.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 7GDL solver calculates the gas and liquid water diffusion; 3)
Water link solver calculates the transport of water in the
membrane between anode and cathode, and the transport of
water between the channel and the GDL; and 4) Electro-
chemical solver calculates the electrochemical reactions of
PEFC. Each solver calculates the correspondent model and
feeds with the new data the next step of the simulator. The
scheme of simulation procedure is shown in Fig. 3. Selecting
a time step small enough between cycles the solution be-
comes independent from this temporal discretization.
For presentation purposes, the channel geometry is
drawn as a 2D serpentine. The channel model is discretized
along its middle length with a fixed step size dxc. The dis-
cretization is used to improve the computational effort of
the simulation. The channel solver includes the droplets
movement. The droplet movement and droplets cluttering
require a small time step solver; this approach solves the
droplets overlapping and allows to simulate themerge of the
droplets.Fig. 5 e Cathode channel geometry used in the
simulations.
Please cite this article as: Culubret S et al., Dynamic modeling of th
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Interval time sensibility
The implementation is a serialized coupled model. This kind
of model is sensitive to the time-interval used as a fraction of
the problem to be solved to feed its solution to the model next
step. To find a stable time step to solve accurately, a sensitivity
tests has been done. The tests consisted on setting a certain
target voltage and evaluate the current density for different
time-intervals (0.1 s, 0.3 s, 0.5 s and 1 s).
A shorter time-interval of the solver allows to improve
the accuracy of the simulation. However, a too short time
interval generates simulations that are too slow to achieve
the proposed objective. In this work, the use of time-interval
values higher than 1 s produced inconsistent simulation
results.
To measure the stability of the solver, the output current
density is used as metric for comparison between simula-
tions. The simulations done to check for stability are repli-
cating the experimentation done in [8]. Those experiments are
shown in Fig. 4. It can be observed that results under 0.5 s
interval time are sufficiently repeatable, therefore a simula-
tion time step of 0.5 s is chosen.
The simulation procedure is implemented in Python







Nchannels ½   25
HRc;a ½% 50,100
qs ½rad 130
e effect of water management on polymer electrolyte fuel cells
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Fig. 6 e Transient behavior of current density from high humidification level to low humidification level for experimental
and simulation data.
Fig. 7 e Transient average water content on the cell.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x8simulated time rate is 26:1, with a standard deviation of
1.27 s, depending on the amount of droplets in the
channel, using a 2.13 GHz, 4 cores (which Python only
uses 1 processor) and 24 Gb of RAM memory using Win-
dows 10 operating system. Plots take 18.8 s to be gener-
ated with a standard deviation of 0.9 s, for this reason, the
graphics generation has been removed from the main
program.
Experimental validation
The validation of the model has been done with experimental
data obtained from a 25 cm2 PEFC using neutron imaging and
segmented cell to evaluate the spatial distribution of liquid
water and electric current density in humidification-drying
cycles [8]. The presented experiment consisted of humidifica-
tion and dehydration of the cell, using constant gas humidity
but injecting water droplets at certain periods (during 40mg of
liquidwater during 5 s). The studied fuel cell (Fig. 5) has a single
serpentine channel of width wc ¼ 1mm, height Hc ¼ 1mm,
length Lc ¼ 47mm, and gravity set on z axis (assuming thatPlease cite this article as: Culubret S et al., Dynamic modeling of th
performance, International Journal of Hydrogen Energy, https://doi.odrops are on the GDL surface). Fig. 5 shows a drawing of the
modeled channel of the cathode: 25 parallel linear channels
with the inlet set at the bottom-left and the outlet at the top-
left. The anode channel geometry has the same shape, but
the inlet is at the top left and the outlet at the bottom left.
The data obtained by neutron imaging and segmented
cell shows an increase on performance when set to high
humidification (water droplet injection, 40 mg during 5 s)
state HS on the cathode, and a drop when setting back to low
humidification (stopping the water droplet injection) state
LS. The data collected with the segmented cell shows a rapid
change from LP to HP when humidity is changed sharply
from low to high humidity percentage. However, when hu-
midity is changed back from HP to LP, the transient behavior
is slower. This is caused by the velocity of water removal
from the GDL driven at high currents. The test done in [8] has
been replicated using the model presented in this paper,
Fig. 3, and the parameters shown in the Table 1. The objec-
tive of this test is to evaluate the capability of the model to
represent the transient performance of a fuel cell,
comparing it to experimental data.e effect of water management on polymer electrolyte fuel cells
rg/10.1016/j.ijhydene.2019.07.176
Fig. 8 e Spatial distribution of water content [pu] in the GDL of the cathode.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 9Figs. 6 and 7 show the current density of both states and
the water content on each GDL. In Fig. 6, it can be observed the
transient curve on overall current density obtained using the
model and the data captured experimentally. The simulation
started with a water content fill of 25% in the cathode GDL and
at 20% in the anode GDL.
The water evolution on each GDL during the simulation
can be observed in Fig. 7. In this figure, it is shown how, on the
cathode, water is mainly driven by the condensation and
evaporation phenomena, but, on the anode, water content
changes depending on the amount of water on the cathodePlease cite this article as: Culubret S et al., Dynamic modeling of th
performance, International Journal of Hydrogen Energy, https://doi.oand the overall current due to the electro-osmotic drag and
the back diffusion.
As humidity is set constant, at saturation levels, on the
anode channel there is continuous humidification, with
non-constant condensation rate as a consequence of the
humidity on the GDL (Eq. (5)). Despite anode gas kept at high
humidification, the GDL water content is low, as a conse-
quence of the electro-osmotic drag displacing water to the
cathode where is removed in liquid form, when high current
values occur, or in steam form when there is a low humidi-
fication state.e effect of water management on polymer electrolyte fuel cells
rg/10.1016/j.ijhydene.2019.07.176
Fig. 9 e Water spatial distribution on the cathode GDL in different periods of time, from 0 to 1, 1 being fully saturated of
water and 0 no water.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x10In Fig. 6 are shown the experimental data extracted from
[8,35] experimentation and the simulated curve obtained using
the model here presented. In Figs. 9 and 10, there can be
observed the points marked on the [8] publication plus other
intermediate results (time frames: 5, 10, 15, 25, 40, 80, 140, 160 s).
In Figs. 9 and 10 it can be observed different frames of
the transient simulation and the stages of water distribu-
tion on the cathode GDL, Fig. 9, and the current density of
the cell, Fig. 10. These frames are taken during the first
humidification and drying period of the simulation. It canPlease cite this article as: Culubret S et al., Dynamic modeling of th
performance, International Journal of Hydrogen Energy, https://doi.obe observed that, during the humidification, there is a
spatial variation (bottom, high amounts of water, to top,
low amounts of water) due to the distance to the cathode
inlet.
The data is compared with the experimental data pre-
sented in [8]. It can be observed that the modeled behavior of
the overall current density is similar to the obtained experi-
mental data. The key parameters driving the dynamics be-
tween low and high states are a) the evaporation rates; b) the
water uptake rate; and c) the current density of the cell.e effect of water management on polymer electrolyte fuel cells
rg/10.1016/j.ijhydene.2019.07.176
Fig. 10 e Current density spatial distribution [ Acm2] on the fuel cell in different periods of time.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 11Current density relates with generated water (Eq. (44)), which
increases water content on the membrane, and the water
content is only diminished by evaporation or water uptake.
When setting the humidity too high, the capability of water to
be removed as steam vanishes and water is only evacuated
through capillarity, hence the amount of water in the GDL
increases. The current density under the ribs, shown in Fig. 10,
represents higher values compared with the values under the
channels. These results agree with the experimental data
obtained using differential segmented cells [36].
The capability of droplets simulation allows the evalua-
tion of pressure drop fluctuations and the calculation of
water evacuated through the channel in the form of liquid.
As it is shown in Fig. 8, the amount of liquid water depends
on the amount of humidity in the channel. At high fuel flows
in the cathode channel, water droplets are removed fast
from the channel. The fluctuations effect due to dropletsPlease cite this article as: Culubret S et al., Dynamic modeling of th
performance, International Journal of Hydrogen Energy, https://doi.omay be significant when flows are lower, or channels are
higher and wider.
Conclusions
A transient PEFC model coupling a channel model to simu-
late water droplets movement and pressure drop plus a GDL
model capable of representing the gas and water diffusion
has been developed and validated with experimental data
provided by neutron imaging and segmented cell to evaluate
the spatial distribution of liquid water and current density
[8].
In this paper, a pseudo-3D channel and a 2D GDL coupled
models are developed. The simulation procedure of the com-
plete model is composed by a four-step solver; the channel
solver calculates the pressure distribution in the channel, thee effect of water management on polymer electrolyte fuel cells
rg/10.1016/j.ijhydene.2019.07.176
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x12movement, and cluttering of the water droplets; GDL solver
calculates the gas and liquid water diffusion; the water link
solver calculates the transport of water in the membrane be-
tween anode and cathode and the transport of water between
the channel and the GDL; and the electrochemical solver
calculates the electrochemical reactions of PEFC. The model
and simulation procedure allows to obtain long-termdynamic
simulations of liquid water droplets with low computational
cost. The developed pseudo-3D transient PEFC model allows
to simulate different operational setups (i.e. flows rates,
relative humidity, and load profiles) in order to better under-
stand the effects of water distribution in the cell. Moreover, in
the model here presented the liquid water on the channel in
the form of droplets is taken into account which is commonly
neglected on other models [12e14,17] or taken into account
with a high computational cost which require to high
powerful computer clusters to solve them in a reasonable
amount of time [37].
The serialized segmented model proposed enables the
reduction the computational time to simulate the behavior of
a complete fuel cell improving the modeling - results - tests
and prototyping cycles, which allow faster development and
learning processes.
This type of performance allows the simulation of different
conditions in a short period of time before doing lab
experiments.
Themodel developed in this paper is especially oriented to
the study of the behavior of water in the fuel cell. New func-
tionalities will be added to the model in the future.
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NomenclatureGreek
ε Porosity of the medium [unitless]
g Surface tension [N$m ]
k Permeability [m2 ]
lm water content per sulfonic acid group [unitless]
m Dynamic viscosity [Pa$s ]
r Density [kg$m3 ]
r Density of the fluid [kg$m3 ]
sm Membrane electric conductivity [S$m1]
t Porous medium tortuosity [unitless]
q Contact angle [rad ]
qR Droplet receding angle [rad]
Roman
ak Water activity [unitless]
b1 Membrane electric conductivity parameter 0.00326
b2 Membrane electric conductivity parameter 0.005139
b3 Membrane electric conductivity parameter 1268
cd Droplet chord lentgh [m]
ct Compressibility of the fluid plus the compressibility
of the GDL [unitless]Please cite this article as: Culubret S et al., Dynamic modeling of th
performance, International Journal of Hydrogen Energy, https://doi.ocov Gas diffusion layer coverage by water [unitless]
D Diameter [m]
Di;j Binary diffusion component between i and j
components [m2$s1]
E Closed cell potential [V]
E0 Reversible Gibbs potential [V]
er Roughness of the surface where the fluid is flowing
[mm]
F Faraday constant 96485 [A $s$mol1 ]
F Force [N]
f Darcy friction coefficient [unitless]
G Gibbs free energy [J]
Hc Channel height [m]
hd Droplet height [m]
J Leverett’s function value [unitless]
j Current density [A$cm2 ]
j0 Activation current density [A$cm2]
k Evaporation/condensation constant ½Pa1 $s1 and
½s1
L Length [m]
M Molar weight [g$mol1 ]
n Number of moles exchanged [unitless]
n Number of moles exchanged [unitless]
nd Electro-osmotic drag coefficient [unitless]
P Pressure [Pa ]
qabs Absorption liquid flow [m
3$s1]
R Gas constant 8.31 [J $mol1$K1 ]
R Radius [m]
Rd Droplet radius [m]
Re Reynolds number [unitless]




u Speed of the fluid [m$s2 ]
V Volume [m3 ]
Vi Over potential voltage [V]
wd Droplet width [m]
X Molar fraction [unitless]
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i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 13sat Saturation state
wmin Minimum amount of water before Absorptionr e f e r e n c e s
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